Evidence for exotic hadron contributions to Λ 0 b → J/ψ pπ − decays
From the birth of the quark model, it has been anticipated that baryons could be constructed not only from three quarks, but also four quarks and an antiquark [1, 2] , hereafter referred to as pentaquarks [3, 4] . The distribution of the J/ψ p mass (m J/ψ p ) in Λ 0 b → J/ψ pK − , J/ψ → µ + µ − decays (charge conjugation is implied throughout the text) observed with the LHCb detector at the LHC shows a narrow peak suggestive of uudcc pentaquark formation, amidst the dominant formation of various excitations of the Λ [uds] baryon (Λ * ) decaying to K − p [5, 6] . It was demonstrated that these data cannot be described with K − p contributions alone without a specific model of them [7] . Amplitude model fits were also performed on all relevant masses and decay angles of the six-dimensional data [5] , using the helicity formalism and Breit-Wigner amplitudes to describe all resonances. In addition to the previously well-established Λ * resonances, two pentaquark resonances, named the P c (4380) + (9 σ significance) and P c (4450) + (12 σ), are required in the model for a good description of the data [5] . The mass, width, and fractional yields (fit fractions) were determined to be 4380 ± 8 ± 29 MeV, 205 ± 18 ± 86 MeV, (8.4 ± 0.7 ± 4.3)%, and 4450 ± 2 ± 3 MeV, 39 ± 5 ± 19 MeV, (4.1 ± 0.5 ± 1.1)%, respectively. Observations of the same two P + c states in another decay would strengthen their interpretation as genuine exotic baryonic states, rather than kinematical effects related to the so-called triangle singularity [8] , as pointed out in Ref. [9] .
In this Letter, Λ with the same data sample as used here, corresponding to 3 fb −1 of integrated luminosity acquired by the LHCb experiment in pp collisions at 7 and 8 TeV center-of-mass energy. The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, described in detail in Refs. [11, 12] . The data selection is similar to that described in Ref. [5] , with the K − replaced by a π − candidate. In the preselection a larger significance for the Λ Fig. 1 . The signal yield is 1885 ± 50, determined by an unbinned extended maximum likelihood fit to the mass spectrum. The signal is described by a double-sided Crystal Ball function [14] . The combinatorial background is modeled by an exponential function. The background of Λ 0 b → J/ψ pK − events is described by a histogram obtained from simulation, with yield free to vary. This fit is used to assign weights to the candidates using the sPlot technique [15] , which allows the signal component to be projected out by weighting each event depending on the J/ψ pπ − mass. Amplitude fits are performed by minimizing a six-dimensional unbinned negative log-likelihood, −2 ln L, with the background subtracted using these weights and the efficiency folded into the signal probability density function, as discussed in detail in Ref. [5] .
Amplitude models for the Λ 
− , is also included and is discussed in detail in the supplemental material. Helicity couplings, describing the dynamics of the decays, are expressed in terms of LS couplings [5] , where L is the decay orbital angular momentum, and S is the sum of spins of the decay products. This is a convenient way to incorporate parity conservation in strong decays and to allow for reduction of the number of free parameters by excluding high L values for phase-space suppressed decays. pπ − S-wave component is also included. Two models, labeled "reduced" (RM) and "extended" (EM), are considered and differ in the number of resonances and of LS couplings included in the fit as listed in Table 1 . The reduced model, used for the central values of fit fractions, includes only the resonances and L couplings that give individually significant contributions. The systematic uncertainties and the significances for the exotic states are evaluated with the extended model by including all well motivated resonances and the maximal number of LS couplings for which the fit is able to converge.
All N * resonances are described by Breit-Wigner functions [5] to model their lineshape and phase variation as a function of m pπ , except for the N (1535), which is described by a Flatté function [21] to account for the threshold of the nη channel. The mass and width are fixed to the values determined from previous experiments [13] . The couplings to the nη and pπ − channels for the N (1535) state are determined by the branching fractions of the two channels [22] . The nonresonant S-wave component is described with a function that depends inversely on m 2 pπ , as this is found to be preferred by the data. An alternative description of the 1/2 − pπ − contributions, including the N (1535) and nonresonant components, is provided by a K-matrix model obtained from multichannel partial wave analysis by the Bonn-Gatchina group [22, 23] + states [5] . All couplings for the 1 + Z c (4200) − contribution are allowed to vary (10 free parameters).
The fits show a significant improvement when exotic contributions are included. When all three exotic contributions are added to the EM N * -only model, the ∆(−2 ln L) value is 49.0, which corresponds to their combined statistical significance of 3.9 σ. Including the systematic uncertainties discussed later lowers their significance to 3.1 σ. The systematic uncertainties are included in subsequent significance figures. Because of the ambiguity between the P c (4380) + , P c (4450) + and Z c (4200) − contributions, no single one of them makes a significant difference to the model. Adding either state to a model already containing the other two, or the two P (Fig. 3(b) ). In fact, all contributions to ∆(−2 ln L) favoring the exotic components belong to this m pπ region. The models with the P [GeV] [GeV] state from the fit model is also considered to determine the systematic uncertainties for the two P + c states. The EM model is used to assess the uncertainty due to the N * modeling when computing significances. The RM model gives larger significances. All sources of systematic uncertainties, including the ambiguities in the quantum number assignments to the two P + c states, are accounted for in the calculation of the significance of various contributions, by using the smallest ∆(−2 ln L) among the fits representing different systematic variations.
The fit fractions for the P c (4380) + , P c (4450) + and Z c (4200) − states are measured to be (5.1 ± 1.5
−0.5 )%, and (7.7 ± 2.8
−4.0 )% respectively, and to be less than 8.9%, 2.9%, and 13.3% at 90% confidence level, respectively. When the two P + c states are not considered, the fraction for the Z c (4200) − state is surprisingly large, (17.2 ± 3.5)%, where the uncertainty is statistical only, given that its fit fraction was measured to be only (1.9
. Conversely, the fit fractions of the two P + c states remain stable regardless of the inclusion of the Z c (4200) − state. We measure the relative branching fraction
−0.016 ± 0.025 for P c (4380) + and 0.033
−0.010 ± 0.009 for P c (4450) + , respectively, where the first error is statistical, the second is systematic, and the third is due to the systematic uncertainty on the fit fractions of the P + c states in J/ψ pK − decays. The results are consistent with a prediction of (0.07-0.08) [27] , where the assumption is made that an additional diagram with internal W emission, which can only contribute to the Cabibbo-suppressed mode, is negligible. Our measurement rules out the proposal that the P Blatt-Weisskopf radius + and P c (4450) + production rates expected from their previous observation and Cabibbo suppression. Assuming that the Z c (4200) − contribution is negligible, there is a 3.3 σ significance for the two P + c states taken together.
We thank the Bonn-Gatchina group who provided us with the K-matrix pπ − model. We express our gratitude to our colleagues in the CERN accelerator departments for the excellent performance of the LHC. We thank the technical and administrative staff at the LHCb institutes. We acknowledge support from CERN and from the national agencies: : Background-subtracted data and fit projections of decay angles describing the N * decay chain, which are included in the amplitude fit. The helicity angle of particle P , θ P , is the polar angle in the rest frame of P between a decay product of P and the boost direction from the particle decaying to P . The azimuthal angle between decay planes of Λ 0 b and N * (of J/ψ ) is denoted as φ π (φ µ ). See Ref. [5] for more details. [12] LHCb collaboration, R. Figure 8 shows the m pπ distribution with all individual fit components overlaid. In Fig. 9 we show the same m pπ distribution but with a linear scale. The projections from the reduced model fit with the two P − alone; the m J/ψ p distribution is better described in Fig. 11 (b) than that in Fig. 14 (b) .
Additional fit results

Additional fit displays
Fit fractions
The fit fraction of any component R is defined as f R = |M R | 2 dΦ/ |M| 2 dΦ, where M R is the matrix element, M, with all except the R amplitude terms are set to zero. The phase space volume dΦ is equal to p q dm pπ d cos
where p is the momentum of the pπ system (i.e. N * ) in the Λ 0 b rest frame, and q is the momentum of π − in the N * rest frame. In Table 3 , we show the fit fractions from the "reduced" and "extended" model fits.
[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV] 18.6 ± 3.2 16.0 ± 3.3 N (1440) 34.0 ± 4.9 43.9 ± 5.7 N (1520) 7.6 ± 2.2 1.9 ± 3.9 N (1535) 25.4 ± 5.9 34.4 ± 6.5 N (1650) 10.5 ± 5.1 9.5 ± 4.1 N (1675) 3.4
5.1 ± 1.5 4.1 ± 1.7 P c (4450) 1.6 +0.8 −0.6 1.5
Z c (4200) 7.7 ± 2.8 4.1
3 Details of the matrix element for the decay amplitude
Helicity formalism and notation
For each two-body decay A → B C, a coordinate system is set up in the rest frame of A, withẑ being 1 the direction of quantization for its spin. We denote this coordinate system as (x {A} 0 , y {A} 0 , z {A} 0 ), where the superscript "{A}" means "in the rest frame of A", while the subscript "0" means the initial coordinates. For the first particle in the decay chain (Λ 0 b ), the choice of these coordinates is arbitrary.
2 However, once defined, these coordinates must be used consistently between all decay sequences described by the matrix element. For subsequent decays, e.g. B → D E, the choice of these coordinates is already fixed by the transformation from the A to the B rest frames, as discussed below. Helicity is defined as the projection of the spin of the particle onto the direction of its momentum. When the z axis coincides with the particle momentum, we denote its spin projection onto it (i.e. the m z quantum number) as λ. To use the helicity formalism, the initial coordinate system must be rotated to align the z axis with the direction of the momentum of one of the child particles, e.g. the B. A generalized rotation operator can be formulated in three-dimensional space, R(α, β, γ), that uses Euler angles. Applying this operator results in a sequence of rotations: first by the angle α about theẑ 0 axis, followed by the angle β about the rotatedŷ 1 axis and then finally by the angle γ about the rotatedẑ 2 axis. We use a subscript denoting the axes, to specify the rotations which have been already performed on the coordinates. The spin eigenstates of particle A, |J A , m A , in the (x 
where
and where the small-d Wigner matrix contains known functions of β that depend on J, m, m . To achieve the rotation of the originalẑ . This is depicted in Fig. 16 , for the case when the quantization axis for the spin of A is its momentum in some other reference frame. Since the third rotation is not necessary, we set γ = 0.
3 The angle θ {A} B is usually called "the A helicity angle", thus to simplify the 1 The "hat" symbol denotes a unit vector in a given direction.
2 When designing an analysis to be sensitive (or insensitive) to a particular case of polarization, the choice is not arbitrary, but this does not change the fact that one can quantize the Λ 0 b spin along any well-defined direction. The Λ 0 b polarization may be different for different choices. 3 An alternate convention is to set γ = −α. The two conventions lead to equivalent formulae. notation we will denote it as θ A . For compact notation, we will also denote φ {A} B as φ B . These angles can be determined from
Angular momentum conservation requires
Each two-body decay contributes a multiplicative term to the matrix element
The helicity couplings H A→B C λ B , λ C are complex constants. Their products from subsequent decays are to be determined by the fit to the data (they represent the decay dynamics). If the decay is strong or electromagnetic, it conserves parity which reduces the number of independent helicity couplings via the relation
where P stands for the intrinsic parity of a particle. After multiplying terms given by Eq. (5) for all decays in the decay sequence, they must be summed up coherently over the helicity states of intermediate particles, and incoherently over the helicity states of the initial and final-state particles. Possible helicity values of B and C particles are constrained by |λ B | ≤ J B , |λ C | ≤ J C and |λ B − λ C | ≤ J A .
When dealing with the subsequent decay of the child, B → D E, four-vectors of all particles must be first Lorentz boosted to the rest frame of B, along the p {A} B i.e.ẑ {A} 3 direction (this is the z axis in the rest frame of A after the Euler rotations; we use the subscript "3" for the number of rotations performed on the coordinates, because of the three Euler angles, however, since we use the γ = 0 convention these coordinates are the same as after the first two rotations). This is visualized in Fig. 16 , with B → D E particle labels replaced by A → B C labels. This transformation does not change vectors that are perpendicular to the boost direction. The transformed coordinates become the initial coordinate system quantizing the spin of B in its rest frame,
The processes of rotation and subsequent boosting can be repeated until the final-state particles are reached. In practice, there are two equivalent ways to determine theẑ {B} 0 direction. Using Eq. (7) we can set it to the direction of the B momentum in the A rest frameẑ
Alternatively, we can make use of the fact that B and C are back-to-back in the rest frame of A, p
Since the momentum of C is antiparallel to the boost direction from the A to B rest frames, the C momentum in the B rest frame will be different, but it will still be antiparallel to this boost direction , is aligned with the B momentum; thus the rotated coordinates become the helicity frame of B. If B has a sequential decay, then the same boost-rotation process is repeated to define the helicity frame for its decay products.
To determinex {B} 0 from Eq. (7), we need to findx 
After the second rotation by θ A aboutŷ 
Then we obtainŷ
If C also decays, C → F G, then the coordinates for the quantization of C spin in the C rest frame are defined byẑ
i.e. the z axis is reflected compared to the system used for the decay of particle B (it must point in the direction of C momentum in the A rest frame), but the x axis is kept the same, since we chose particle B for the rotation used in Eq. (5). 
, in which we allow more than one tetraquark state, f = 1, 2, . . . . Superscripts containing the Z c decay chain name without curly brackets, e.g. φ Zc , will denote quantities belonging to this decay chain and should not be confused with the superscript "{Z c }" denoting the Z c rest frame, e.g. φ {Zc} . With only a few exceptions, we omit the N * decay chain label. The angular calculations for the Z − c decay chain are analogous to that for P + c by interchange of p and π − , except for the angles to align the proton helicity.
The weak decay Λ 0 b → Z cf p is described by the term,
where 
The φ Zc angle cannot be set to zero, since we have already defined thex 
The φ Zc angle can be determined in the Λ 0 b rest frame from The strong decay Z cf → ψπ − is described by a term
where φ 
The azimuthal angle of the ψ can now be determined in the Z c rest frame (see Fig. 17 ) from φ
Thex {Zc} 0 direction is defined by the convention that we used in the Λ 0 b rest frame. Thus, we have
Again, the ψ and p helicities are labeled as λ Zc ψ and λ Zc p , with the Z c superscript to make it clear that the spin quantization axes are different than in the N * decay chain. Since the ψ is an intermediate particle, this has no consequences after we sum (coherently) over λ Zc ψ = −1, 0, +1. The proton, however, is a final-state particle. Before the Z c terms in the matrix element can be added coherently to the N * terms, the λ rest frames, thus antiparallel to the particles recoiling against the proton: the π − and Z c , respectively. These directions are preserved when boosting to the proton rest frame. Thus, the polar angle between the two proton quantization axes (θ 
The dot product above must be calculated by operating on the p {p} π and p {p} Zc vectors in the proton rest frame obtained by the same sequence of boost transformations, either according to the N * or Z c decay chains, or even by a direct boost transformation from the lab frame.
Unlike in the P c decay chain, the azimuthal angle (α Zc p ) aligning the two proton helicity frames is not zero. The angle can be determined from 
L Zc f ≤ J Zc f + 1, which is further restricted by the parity conservation in the Z cf decays,
The azimuthal and polar angle of the muon in the ψ rest frame, φ Zc µ , θ Zc ψ , are different from φ µ , θ ψ introduced in the N * decay chain. The ψ helicity axis is along the boost direction from the Z c to the ψ rest frames, which is given bŷ
and so cos θ 
The x axis is inherited from the Z c rest frame (Eq. (11) 
The azimuthal angle α 
as well asx {ψ} 3 
Collecting terms from the three subsequent decays in the Z c chain together, 
